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Compact heat exchangers such as porous foam coldplates have great potential as a 
high heat flux cooling solution for electronics due to their large surface area to volume 
ratio and tortuous coolant path.  The focus of this work was the development of unit cell 
modeling techniques for predicting the performance of coldplates with porous foam in 
the coolant path.   
Multiple computational fluid dynamics (CFD) models which predict porous foam 
coldplate pressure drop and heat transfer performance were constructed and compared 
to gain insight into how to best translate the foam microstructure into unit cell model 
geometry.  Unit cell modeling in this study was realized by applying periodic boundary 
conditions to the coolant entrance and exit faces of a representative unit cell.  A 
parametric study was also undertaken which evaluated dissimilar geometry translation 
recommendations from the literature.  The use of an effective thermal conductivity for a 
representative orthogonal lattice of rectangular ligaments was compared to a porosity-
matching technique of a similar lattice.  Model accuracy was evaluated using 
experimental test data collected from a porous copper foam coldplate using deionized 
water as coolant.  The compact heat exchanger testing facility which was designed and 
constructed for this investigation was shown to be capable of performing tests with 
coolant flow rates up to 300 mL/min and heat fluxes up to 290 W/cm2.  The greatest 
technical challenge of the testing facility design proved to be the method of applying the 
heat flux across a 1 cm2 contact area.  Based on the computational modeling results and 
experimental test data, porous foam modeling recommendations and porous foam 







Like the microprocessor industry, the power electronics industry must address thermal 
management issues to enable future devices to meet performance expectations.  
Cooling solutions are being sought for heat dissipation levels of up to 1000 W/cm2 or 
































Figure 1: Power Electronics Heat Dissipation Levels 
 
 
The issue of rising heat dissipation levels is impacting industries and research beyond 
power electronics such as laser mirrors [7] [8] [9], fusion power systems [10] [11] [12], 
high-power optical components [13], and high-power laser diode systems [14] [15].  
Porous media such as metal foam are a leading candidate technology under exploration 
as a potential cooling solution for such applications.  In this study, the cooling strategy of 
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embedding an open cell 100 pores per linear inch (ppi) Porvair copper foam element 
with 20% porosity within a copper coldplate for single-phase liquid cooling is evaluated 
computationally and experimentally.  A cross-sectional view of such a coldplate, shown 
in Figure 2, includes a copper body, a faceplate, and a copper foam element.  The 
copper foam element is fixed rigidly to the coldplate and is in direct contact with the 0.5 
mm-thick faceplate.   
 
 
Figure 2: Cross-section of Porous Coldplate 
 
 
Past recommendations from the literature are tested and compared to determine unit cell 
modeling techniques which can be implemented in predictive computational models to 







Understanding the context of this research requires a review of past literature regarding 
the use of metal foams to enhance convective heat transfer and the history of predictive 
computational modeling of such phenomena.  The promising results of past evaluations 
encourage further study of foam-filled coldplates 
Research in fields such as optics and fusion energy has fueled the development and 
evaluation of foam-filled coldplates over the past 25 years.  Soviet engineers and 
scientists began to make a tremendous contribution to this area in the late 1970s, led by 
Viktor Apollonov.  Thermacore and Sandia National Laboratories have also invested in 
research in this area in the past decade.  A summary of the past application studies can 
be found in Table 1.  Difficulty arises in comparing such experimental work due to the 
differences in test duration, heat application area, and the lack of specific test details in 
the literature.  In general, the applications studied in the literature often allow for a higher 
coldplate faceplate temperature than commercial power electronics components can 
withstand and focus on short duration test cases to measure the promise of the 
technology for such applications.  Apollonov et al. allowed a coldplate faceplate, or 
substrate, temperature of 200°C [7].  Multiple test cases lasted 1 minute or less [11] [12].  
Regardless of the specific test parameters, it can be said that foam-filled coldplates have 
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The range of length scales involved and the random orientation of the foam ligaments 
cause the computational performance prediction of metal foam-filled coldplates to be 
challenging.  Metal foam is an engineered material that is categorized as porous media.  
Darcy first considered flow through porous media in 1856 [16].  Since then, porous 
media research has developed more refined flow models and numerous heat transfer 
correlations for a myriad of scenarios.  Much of the research can be broken down by 
physical structure into three groups: beds of spheres, bundles of rods, and foams.  Table 
2 contains an overview of important contributions to the field of metal foam modeling. 
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3.1 Computational Modeling 
 
Many modeling techniques exist for the analysis of porous foam.  Three approaches 
were considered when formulating this study:  the porous media model embedded in 
Fluent, the drag model for flow over a periodic array of vertical cylinders, and the three-
dimensional unit cell model.  Since the study sought to develop a predictive model 
without characterization of a physical specimen in advance, emphasis was placed on 
capturing the effect of the microstructure under evaluation through the chosen modeling 
approach.  The three techniques considered for use in this study will be discussed in 
order of increasing foam microstructure modeling detail and are depicted in Figure 3. 
 
 




The Fluent porous media model employs a momentum equation which accounts for both 
viscous and inertial losses in the foam and includes an effective thermal conductivity in 
the energy equation calculated via volume-averaging the coolant and foam thermal 
 6
 
conductivities.  The Fluent user’s guide, Vafai et al., and Kaviany provide greater insight 
into this technique. [23] [24] [25] This approach was not followed because the Fluent 
formulation of the momentum equation requires user-defined empirical coefficients which 
were not available for the foam material utilized. 
 
The drag model for flow over a periodic array of vertical cylinders is the intermediate 
technique on the spectrum of foam microstructure modeling techniques considered for 
this study.  This approach accounts for the vertical foam ligaments shown in Figure 3 
while ignoring the horizontal ligaments.  Employed by Bastawros and Evans, this 
modeling technique simplifies the three-dimensional ligament structure into a vertical 
cylindrical pin fin array, a well-known geometry [19].  Since the heat load into the copper 
foam element comes only from the faceplate above, the vertical cylindrical pin fins would 
model well the heat conduction from the faceplate into the foam element, what 
Kharitonov et al. calls “the finning effect” [26].  The absence of the horizontal ligaments 
prevents accurate modeling of heat spreading between neighboring pin fins as it moves 
downward through the liquid-cooled foam.  The heat transfer enhancement gained by 
the coolant-mixing flow over the horizontal ligaments would also be unaccounted for. 
 
The three-dimensional unit cell model offers the highest level of foam microstructure 
resolution of the techniques considered.  The unit cell is the smallest repeating pattern of 
the porous copper foam element which accurately captures the fluid dynamics and heat 
transfer of the entire element.  Boomsma et al. also refer to a unit cell as a 
representative elementary volume (REV) [22].  This unit cell modeling technique allows 
the microstructure of porous foam to be modeled without the lengthy construction time 
and computational expense of modeling the entire metal foam element at the small 
ligament length scale.  One of the earliest references to this technique was by Brenner in 
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1980  [17].  This technique is possible with the Fluent software package due to its ability 
to construct periodic boundary conditions on the upstream and downstream faces of the 
unit cell.  The periodic boundary conditions imposed by Fluent treat the temperature 
change within the periodic unit cell according to equation (1) [23]: 





rrrrrrr 2  (1) 
The temperature change can also be expressed in terms of the total heat added to the 








σ  (2) 
Similar periodic unit cells have been employed by Koch et al. and Boomsma et al. [18] 
[22].  The important assumptions of such a periodic unit cell model are:  
1) the neglection of the interaction between the coolant and the two vertical side 
walls where the copper foam contacts the solid copper surfaces of the 
coldplate housing, shown in Figure 4  
2) the assumption that all of the flow through the foam element is fully-
developed along the direction of coolant flow, regardless of location 







Figure 4: Diagram of Neglected Vertical Channel Walls 
 
 
Given these assumptions, Fluent calculates the pressure drop across the unit cell and 
the temperature and coolant velocity fields throughout the unit cell including the exit face 
of the coolant region.  The outlet temperature and velocity fields are then applied as 
entrance conditions for the second unit cell iteration.  The model iterates, as shown in 
Figure 5, until a unit cell model is reached in which the solutions to the momentum and 
energy equations have converged. 
 
 





Three predictive three-dimensional unit cell models were constructed in order to better 
understand the effects of the ligament diameter, porosity and effective thermal 
conductivity of the porous foam:  
A. an open cell ligament model which matches the ligament diameter of the 100 
ppi foam and is based on the work of Lu et al. [20] 
B. an open cell ligament model based on the work of Boomsma et al. which 
matches the porosity of the model to the 20% porosity of the 100 ppi 
candidate foam [22] 
C. an open cell model which is derived from scanning electron microscope 
images of the 100 ppi foam and which creates tortuous flow due to the non-
orthogonality of the pore axes 
Boomsma et al. [22] recommends determining the flow regime through open cell metal 
foam using the pore-based Reynolds number as listed in equation (3): 
μ
ρ pUd=Re  (3) 
For the range of mass flow rates and geometries considered, the flow was calculated to 
be within the laminar regime as shown in Table 3.  Radiation heat transfer within the 
porous coldplate is considered negligible in this investigation due to the relatively low 
surface temperatures and small temperature range between the surfaces involved. 
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  [mL/min] [m/s] [m] - - 
A 100 0.98 1.00E-04 97 Laminar 
  200 1.90 1.00E-04 189 Laminar 
  300 2.79 1.00E-04 277 Laminar 
B 100 2.06 2.30E-05 47 Laminar 
  200 4.17 2.30E-05 95 Laminar 
  300 6.19 2.30E-05 141 Laminar 
C 100 0.73 1.00E-04 72 Laminar 
  200 1.43 1.00E-04 141 Laminar 
  300 2.13 1.00E-04 211 Laminar 
 
Ligament Diameter-Matching Model 
A periodic unit cell model was constructed using Fluent computational fluid dynamics 
(CFD) software to predict the thermal and hydrodynamic performance of the coldplate 
based on the microstructure of the porous copper foam element.  The CFD model 
proved computationally possible due to a unit cell approach to an open cell ligament 
model.  The open cell ligament model presented by Lu et al. allows for the construction 
of a predictive model prior to empirical flow characterization of the porous foam element 
[20].  Such a design, shown in Figure 6, simplifies the microstructure by assuming 
orthogonal intersection of the foam ligaments.  The model captures the conduction of 
heat through the vertical and horizontal copper ligaments, the convection of heat away 
from said ligaments, and the mixing effect of flow around them.  The difference between 
the technique used here and the technique proposed by Lu et al. is that the ligament 
diameter in the model by Lu et al. is based on the relative foam density; whereas, the 
ligament diameter in this model is matched to the foam microstructure.  The difference is 
motivated by the desire to develop a modeling technique which would require the 
simplest characterization of the candidate foam, such as ligament diameter 
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measurement.  The orthogonal lattice of ligaments core to the proposal of Lu et al. is 
maintained.   The porous copper foam element modeled is 1 cm x 1 cm x 0.1 cm with a 
0.05 cm-thick faceplate on the top surface and a 0.05 cm-thick copper skin on the 
bottom surface, as shown in Figure 7.  It is not necessary to model the rest of the 
coldplate body since the actual heat path is contained in this smaller domain of the 
coldplate.  The periodic unit cell, also shown in Figure 6, is a second model size 
reduction.  The ligament diameter-matching computational model consists of one unit 
cell, the geometry of which is shown in Figure 8. 
 






































   
       
      a)     b)     c) 
 
Figure 8: Ligament Diameter-Matching Unit Cell Geometry 





The model unit cell geometry, shown in Figure 9 with the applied boundary conditions, 
consists of four regions: the faceplate, copper ligaments, liquid water, and copper skin 
on the bottom surface.  Three faceplate material configurations were modeled using the 
ligament diameter-matching model: copper silicon carbide metal matrix composite 
(CuSiC MMC), aluminum silicon carbide metal matrix composite (AlSiC MMC) and 
copper.  The MMC faceplates offer a small coefficient of thermal expansion (CTE) 
mismatch between the faceplate and electronic components that would be mounted to it 
as well as the potential for improved thermal conductivity as new materials are 
developed.  This separate study within the investigation of porous foam coldplates 
allows for tradeoff analysis between the faceplate-to-electronics CTE mismatch 
reduction offered by the MMCs and the higher thermal conductivity offered by copper.  A 
deeper discussion of this sub-study is located in chapter 4.  
 
 
In addition to the unit cell assumptions, the ligament diameter-matching model deviates 
from the true foam microstructure by utilizing square cross-section ligaments because of 
the complexity of creating model geometry with circular cross-sections and due to the 
computational expense of reaching convergence on such geometries.  The random 
orientation of the ligament microstructure of the porous copper foam element is often 
accounted for by applying an effective thermal conductivity that is a fraction that of pure 
copper to the unit cell ligaments.  For example, Ashby et al. employ a scaling factor λ of 
0.28 [27]. The thermophysical properties of the materials used in the model are listed in 

















  [kg/m3] [J/(kg-K)] [W/(m-K)] [kg/(m-s)] 
Copper 8978 381 387.6 - 
Copper Foam 
Ligament 8978 381 387.6  λ - 
Liquid Water 998.2 4182 0.6 0.001003 
CuSiC MMC 4290 651 105 - 










Porosity-Matching Ligament Model 
 
In their study of periodic unit cell models of porous foam, Boomsma et al. maintain 
common between the physical sample and the computational model the porosity [22].  
Lu et al. developed their ligament diameter from the relative density of the foam [20].  
Due to their promising results, a model which matches the porosity of the candidate 
foam is included in the investigation.  Taking the orthogonal lattice of ligaments in the 
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ligament diameter-matching model, the porosity was calculated to be 35.2%.  Since the 
candidate copper foam has a porosity of 20%, the ligaments were enlarged from 150 to 
221.25 microns, and the pores were shrunk from 100 to 23 microns such that the 
porosity-matching geometry can be described by Figure 10.  The porosity of this 
structure is 20.05%.  This is the only difference between the ligament diameter-matching 




Figure 10: Porosity-Matching Unit Cell Geometry 
 
 
SEM Photo-Based Model 
The third and final model investigated is meant to explore a new direction compared to 
the previous two models.  This model does not simplify the foam microstructure into an 
orthogonal lattice as Lu et al. suggests but instead is comprised of a wall with a thermal 
conductivity scaling factor λ of 1 and multiple tortuous pores of varying size and shape.  
This model does not have streamwise ligaments to stir the flow but does attempt to 
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cause mixing of the coolant due to the design of the pores.  As Figure 11 shows, the 
model has a porosity of approximately 65%.  The dark regions are the liquid zones.  The 
design was based off of the scanning electron microscope (SEM) images found in 
Figures 12 and 13 which provide approximate pore and ligament dimensions and 
illustrate the coolant path which seems much more tortuous than that which would occur 
in an orthogonal lattice.  The boundary conditions depicted in Figure 9 are valid for this 
model. 
 












Figure 13: SEM Image 2 
 
 
3.2 Experimental Characterization 
 
A coldplate test stand was designed and constructed which supplies coolant and thermal 
energy to the coldplate while measuring critical temperatures and the pressure drop 
across the coldplate.  The major issues involving the experimental evaluation include 
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test stand layout, component selection, attachment of a heat source to the coldplate 
under test, safety from electrical shock, insulation of heat sources to minimize losses to 
the environment, and coolant purity.  The overall coldplate test stand layout, shown in 





Figure 14: Coldplate Test Stand Layout 
 
 
The coolant for the test loop is deionized water held in a 7.5 gallon Nalgene reservoir.  
The reservoir can be replenished without test interruption to allow for lengthy test 
durations in order to reach steady state conditions.  An IDEX Micropump pump head and 
a DC drive motor are employed to propel the coolant through the coolant loop and 
overcome the pressure restriction of the coldplate.  A DC power supply allows for flow 
rate adjustment.  Key features of the gear pump head include its magnetic drive, suction 
shoe design, and 125 psi maximum pressure differential.  After exiting the pump, the 
coolant flow travels through ¼-inch-diameter copper tubing to a variable area flowmeter 
which has a range of 3.2x10-7 to 8.4x10-6 m3/s [19 to 506 mL/min].  The coolant 
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proceeds through the 1-micron water filter.  The deionized water is filtered directly before 
its entrance into the coldplate in order to remove impurities possibly added by the tank, 
pump, or flowmeter.  Once filtered, the coolant flow is split into two paths at a cross in 
the tubing to provide a more uniform flow through the coldplate.  Once the coolant 
passes through the coldplate, it exits via two outlet tubes identical to the inlet plumbing 
which join in a cross.  The cross is attached to a Teflon-lined braided stainless steel 
drain hose which empties into a sink drain.  The drain hose was chosen for its high 
temperature rating to allow for the possibility of boiling coolant exiting the coldplate. 
 
No heat sources with 1 cm2 of surface area were found which could produce 1 kilowatt of 
thermal energy.  Therefore, a copper heat-focusing block was machined which 
concentrates the thermal energy injected into the larger top face through the block and 
out the smaller bottom face which has 1 cm2 of surface area.  In order to minimize the 
required maximum heater temperature, solder with a melting temperature of 305°C was 
used to attach the coldplate to the smaller bottom face of the heat-focusing block as well 
as to attach the eight heaters to the larger top face of said block.   Eight strip heaters 
that produce 125 W each were chosen due to their maximum temperature rating of    
815°C and their Incoloy nickel alloy surface finish.  Such a finish is believed to have a 
higher probability of good solder wetting than the standard stainless steel strip heaters 
on the market.  In order to minimize the strain on the solder joint between the heat-
focusing block and the coldplate caused by the moment of the top-heavy heat-focusing 
block, adjustable balancing screws with sharpened contact points bear the load of the 
heat-focusing block.  The screws thread into a steel plate chosen for its low thermal 
conductivity.  A key design feature of the heater/coldplate assembly is the cocoon of 
high temperature calcium silicate insulation around the surfaces of the heat-focusing 
block and the heaters to minimize the amount of heat that is not channeled into the 
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coldplate.  Fiberglass paper was used to fill the gaps between the calcium silicate 
pieces.  It was also employed to insulate the copper tubing which connects the coldplate 
to the drain hose and to insulate the thermocouple which measures the coolant 
temperature exiting the coldplate.  The heater input power is generated by an Agilent 
120 V/18 A DC power supply and routed through two distribution bus bars to the eight 
strip heaters.  For safety reasons, the coolant loop was isolated as much as possible 
from the test stand power electronics.  A plexiglass spray shield sits between the coolant 
loop and the electronics to prevent a potential pressurized leak from spraying water on 
the high-power electronics.  A system leak is not expected and did not occur during 
testing, but the necessary safety precautions have been taken.   
 
In order to minimize the heater temperature for a given heat flux, the thermal resistance 
of the heat-focusing block was optimized via 9 design iterations each evaluated with a 
Fluent predictive model.  The final design incorporates 3 cross-sectional reductions as it 
shrinks from the large top surface area used for heater attachment to the 1 cm2 lower 
surface area used for coldplate attachment, as shown in Figure 15.  Figure 16 depicts 
the analysis results of the final design in Kelvin units.  A total heat flux of 1 kW/cm2 from 
the eight strip heaters was applied in their footprints on the top surface of the block.  The 
temperature of the face of the block which would contact the coldplate was fixed at 
125°C, and the maximum area-averaged temperature where the heater is attached was 
monitored.  The final design was chosen because it was the smallest volume heat-
focusing block which would not exceed the 305°C heater area maximum temperature 
dictated by the solder melting temperature.  The model reported a maximum heater area 











    a)     b) 
 
Figure 16: Heat-Focusing Block Thermal Results 





Five thermocouple measurements and one differential pressure measurement are taken 
very 5 seconds during an experimental evaluation. The thermocouples are mounted in 
the following loca
− Coldplate faceplate near downstream edge of heat application 
− Coolant inlet to coldplate 
− Coolant exit from coldplate 
− Ambient air surrounding coldplate inside insulation cocoon 
− Heater casing temperature  
The pressure drop across the coldplate is measured via pressure taps integrated into the 
coldplate housing using a differential pressure transducer and captured by the data 
acquisition system.  The data acquisition system consists of an Agilent data acquisition 








4.1 Computational Modeling 
The three periodic unit cell geometry construction techniques will first be compared with 
experimental results from a coldplate characterization in which coolant bypass occurred.  
After presenting the overall comparison of model performance, the impact of coldplate 
faceplate thermal conductivity will be discussed, and the coolant bypass which occurred 
during the experimental evaluation will be investigated further.   
 
The thermal resistance of the foam coldplate will be the parameter used to measure the 
accuracy of the computational model.  Due to difficulty with coolant bypass at the foam 
element, experimental pressure drop measurements are not available to compare with 
the model predictions for pressure drop.  The thermal resistance will be defined by 
equation (4): 










The maximum faceplate temperature is calculated using equation (5) : 












cellUnit Inlet Coldplateexit cellUnit  topfoam cellUnit Max k
Lq"
1N*TTTT   (5) 
The coldplate exit temperature is calculated using equation (6): 
[ ] [ ]1N*TTTT cellUnit Inlet Coldplateexit cellUnit exit cellUnit   ExitColdplate −−+=  (6) 
On the coldplate, the maximum faceplate temperature is predicted to occur at the trailing 
edge of the heated region due to the continual addition of thermal energy to the coolant 
from the faceplate and copper foam as the coolant flows through the coldplate as shown 





Figure 17: Maximum Faceplate Temperature Location 
 
 
Figures 18, 19, and 20 depict the thermal resistance prediction by the ligament diameter-
matching model, porosity-matching model, and SEM photo-based model respectively. 
The data depicted in Figures 18, 19, and 20 is tabulated in Table 5.  Collectively the 
models predicted thermal resistances in the range of 0.07 to 0.23 °C/W for the flow and 
heat flux scenarios considered.  The experimental characterization yielded similar 
thermal resistance measurements in the range of 0.09 to 0.25 °C/W despite 
























100 mL/min [Ligament Diameter-Matching Model] 200 mL/min [Ligament Diameter-Matching Model]
300 mL/min [Ligament Diameter-Matching Model]  
























100 mL/min [Porosity-Matching Model] 200 mL/min [Porosity-Matching Model]
300 mL/min [Porosity-Matching Model]  





























100 mL/min [SEM Photo-Based] 200 mL/min [SEM Photo-Based] 300 mL/min [SEM Photo-Based]  
Figure 20: Thermal Resistance Prediction by SEM Photo-Based Model
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Table 5: Thermal Resistance Results from Models and Experimental Data 
 
 





















[W] [C] [C] [W] [mL/min] [C] [C] [C/W] 
Experimental              
105.1 48.2 153.5 161.6 101.0 21.5 36.6 0.25 
200.7 55.1 269.4 321.1 101.0 21.3 50.0 0.17 
233.1 63.9 297.2 373.3 101.0 20.4 53.7 0.19 
                
104.0 34.4 143.7 155.2 198.4 22.1 29.7 0.12 
202.8 47.0 246.1 288.4 198.4 22.8 37.6 0.12 
262.6 48.6 296.1 387.4 198.4 21.9 41.0 0.10 
                
100.1 30.3 126.0 124.9 299.3 19.3 24.2 0.11 
193.5 40.1 222.2 280.6 299.3 18.6 27.9 0.11 
290.9 46.1 298.2 395.6 299.3 20.2 34.3 0.09 
Modeling               
Ligament-
Based               
99.5 42.3 - - 99.8 20.0 34.4 0.22 
295.8 86.7 - - 99.8 20.0 62.8 0.23 
461.6 124.3 - - 99.8 20.0 86.8 0.23 
                
99.8 34.5 - - 200.2 20.0 27.2 0.15 
293.7 63.5 - - 200.2 20.0 41.2 0.15 
487.7 92.4 - - 200.2 20.0 55.2 0.15 
703.8 124.9 - - 200.2 20.0 70.8 0.15 
                
99.7 31.8 - - 300.0 20.0 24.8 0.12 
290.7 55.4 - - 300.0 20.0 34 0.12 
481.7 79.0 - - 300.0 20.0 43.2 0.12 
672.8 102.6 - - 300.0 20.0 52.4 0.12 
847.2 124.4 - - 300.0 20.0 60.8 0.12 
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Table 5 (continued) 
 
 





















[W] [C] [C] [W] [mL/min] [C] [C] [C/W] 
Modeling               
Porosity-
Based               
99.5 39.7 - - 99.8 20.0 34.4 0.20 
295.8 78.9 - - 99.8 20.0 62.8 0.20 
492.0 118.2     99.8 20.0 91.2 0.20 
                
99.8 32.3 - - 200.2 20.0 27.2 0.12 
293.7 56.8 - - 200.2 20.0 41.2 0.13 
493.2 81.8 - - 200.2 20.0 55.6 0.13 
687.2 106.3     200.2 20.0 69.6 0.13 
                
99.7 29.7 - - 300.0 20.0 24.8 0.10 
299.0 49.6 - - 300.0 20.0 34.4 0.10 
490.0 69.1 - - 300.0 20.0 43.6 0.10 
689.4 88.9 - - 300.0 20.0 53.2 0.10 
888.7 108.8 - - 300.0 20.0 62.8 0.10 
                
SEM Photo-
Based               
100.2 36.7 - - 99.8 20.0 34.5 0.17 
297.2 69.9 - - 99.8 20.0 63.0 0.17 
497.6 103.2 - - 99.8 20.0 92.0 0.17 
                
97.0 29.0 - - 200.2 20.0 27.0 0.09 
297.9 47.6 - - 200.2 20.0 41.5 0.09 
498.8 65.9 - - 200.2 20.0 56.0 0.09 
699.6 83.7 - - 200.2 20.0 70.5 0.09 
                
103.8 26.8 - - 300.0 20.0 25.0 0.07 
301.1 40.2 - - 300.0 20.0 34.5 0.07 
498.4 53.3 - - 300.0 20.0 44.0 0.07 
695.6 65.9 - - 300.0 20.0 53.5 0.07 





A study of effective thermal conductivity of the foam microstructure geometry was 
undertaken to determine how the scaling factor for the 100 ppi copper foam compares to 
Evans’ 0.28 scaling factor for ERG foam.  Because the models do not account for the 
coolant bypass which occurred in the experimental characterization, the modeling results 
provide a lower bound for coldplate thermal resistance or best case scenario.  This lower 
bound would be realized when the effect of the coolant bypass on the coldplate 
performance was minimal.  Focusing on the case of a coolant flow rate of 200 mL/min 
and an applied heat flux of 100 W/cm2, Figure 21 compares the thermal resistance 
measured experimentally to that of the ligament diameter-matching and porosity 
matching models employing various foam thermal conductivity scaling factors as well as 
























200 mL/min [Exp.] Ligament k_eff=k/4 Ligament k_eff=k/3 Ligament k_eff=k/2 Ligament k_eff=k
Porosity k_eff=k/4 Porosity k_eff=k/3 Porosity k_eff=k/2 Porosity k_eff=k SEM Photo-Based k_eff=k
 
 
Figure 21: Foam Effective Thermal Conductivity Evaluation  
Via Thermal Resistance Prediction 
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From Figure 21, one can see that a porosity-matching ligament model using a scaling 
factor of 0.33 is the combination of modeling technique and scaling factor evaluated in 
this study for the 100 ppi candidate foam which most closely matches the experimental 
performance during coolant bypass.  A porosity-matching ligament model with a scaling 
factor of 1 is the modeling approach with the second best match of the experimental 
data; whereas the thermal resistance prediction of the ligament diameter-matching 
model and the SEM photo-based model did not fall within the bounds of the 
experimental data.  The data depicted in Figure 21 is tabulated in Table 6.  While the 
above-mentioned modeling approaches match well the experimental results, these 
results can not be accurately applied to scenarios with different coolant bypass 
phenomenon.  To accurately predict the effective thermal conductivity of the foam 
element experiencing coolant bypass, said bypass would need to be incorporated into 
the computational model.  To determine the physics behind why the porosity-matched 
model achieves a low thermal resistance similar to the experimental data, the velocity 
























Table 6: Foam Effective Thermal Conductivity Evaluation 

























[W] [C] [C] [W] [mL/min] [C] [C] [C/W] 
Experimental             
105.1 48.2 153.5 161.6 101.0 21.5 36.6 0.25 
200.7 55.1 269.4 321.1 101.0 21.3 50.0 0.17 
233.1 63.9 297.2 373.3 101.0 20.4 53.7 0.19 
                
104.0 34.4 143.7 155.2 198.4 22.1 29.7 0.12 
202.8 47.0 246.1 288.4 198.4 22.8 37.6 0.12 
262.6 48.6 296.1 387.4 198.4 21.9 41.0 0.10 
                
100.1 30.3 126.0 124.9 299.3 19.3 24.2 0.11 
193.5 40.1 222.2 280.6 299.3 18.6 27.9 0.11 
290.9 46.1 298.2 395.6 299.3 20.2 34.3 0.09 
Modeling               
Effective Thermal Conductivity         
Ligament k_eff=k/4             
94.2 39.7 - - 200.2 20.0 26.8 0.21 
Ligament k_eff=k/3             
99.8 34.5 - - 200.2 20.0 27.2 0.15 
Ligament k_eff=k/2             
99.8 36.6 - - 200.2 20.0 27.2 0.17 
Ligament k_eff=k             
99.8 35.0 - - 200.2 20.0 27.2 0.15 
Porosity k_eff=k/4             
99.8 36.7 - - 200.2 20.0 27.2 0.17 
Porosity k_eff=k/3             
99.8 32.3 - - 200.2 20.0 27.2 0.12 
Porosity k_eff=k/2             
99.8 34.9 - - 200.2 20.0 27.2 0.15 
Porosity k_eff=k             
99.8 30.0 - - 200.2 20.0 27.2 0.10 
SEM Photo-Based 
k_eff=k             








    a)          b) 
 
Figure 22: Velocity Vector Fields (200 mL/min) 
a) Ligament Diameter-Matching Model   b) Porosity-Matching Model 
 
In Figure 22, the velocity vector fields of the ligament diameter-matching model and the 
porosity-matching model for the 200 mL/min case are depicted.  Studying the vector 
fields we are reminded that the hydraulic diameter of the pores in the porosity-matching 
model is 37.4 microns; whereas, the pores of the ligament diameter-matching model 




=  (7) 
Applying equations (8) and (9) below, the hydrodynamic and thermal entrance lengths 
are found for both models to occur in less than 5 mm except for the 300 mL/min flow rate 
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through the ligament diameter-matching model which requires 12 mm [28].  This also 
justifies the fully-developed flow assumption required by the periodic unit cell 
construction. 
hDhfd Dx Re05.0, =  (8) 
hDtfd Dx PrRe05.0, =  (9) 
In addition, this information also confirms that the fully-developed laminar case is almost 
always reasonable for the 10 mm porous foam element.  Considering the pore as a 
circular tube experiencing fully-developed laminar internal flow, the convective heat 
transfer coefficient behaves according to equation (10), which when evaluated for the 
hydraulic diameters mentioned above yields equations in the form of equation (11) for 








=  (10) 
Coolantkh 43636=  (11) 
Coolantkh 116675=  (12) 
This difference in convective heat transfer coefficient through the pores of the orthogonal 
lattice of ligaments is a plausible answer to why the porosity-matching model has a lower 
thermal resistance compared to the other models.  Figure 23 shows the thermal field of 
the SEM unit cell inlet face after convergence and the velocity vector field as seen from 
the side of the model where the pore structure can best be visualized.  The range of 






 a) b) 
 
Figure 23: Thermofluid Fields for SEM Photo-Based Model (200 mL/min 100 W/cm2) 
a) Temperature Field at Unit Cell Exit  b) Velocity Vector Field (Side View) 
 
In Figure 24, images are provided which depict the temperature fields of the model 
which best predicted the experimental value of the thermal resistance of the coldplate for 
the case of 200 mL/min and 100 W/cm2, the porosity-matching model with a λ of 0.33. 
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     a)    b) 
 
Figure 24: Temperature Fields of Porosity-Matching Model  
λ=0.33  (200 mL/min  100 W/cm2) 
a) Foam and Coolant  b) Foam Only 
 
 
The relationship between the coldplate pressure drop and coolant flow rate is shown in 
Figure 25 as predicted by the unit cell models for the range of approximately 1.7x10-6 to 
5x10-6 m3/s [100 to 300 mL/min] for the boundary conditions detailed in Figure 9.  
Interestingly, the ligament diameter-matching model and the SEM photo-based model 
predictions are much closer to each other than that of the porosity-matching model.  
Unfortunately, due to coolant bypass, no accurate experimental pressure drop data is 











0.E+00 1.E-06 2.E-06 3.E-06 4.E-06 5.E-06 6.E-06




















Figure 25: Coldplate Pressure Drop vs. Coolant Flow Rate 
 
 
A pressure correction equation is derived from the continuity equation to couple the 
pressure and velocity of the flow and force conservation of mass.  The residual of the 
pressure correction equation is a parameter which can be used to gauge the 
convergence of the momentum equation solution.  Table 7 contains the pressure 
correction equation residuals recorded at the final iteration for each of the Fluent cases 





















flux λ Pressure Correction Equation Residual
  [mL/min] [W/cm2] - - 
A 100 100 0.33 8.51E-12 
    300 0.33 4.96E-12 
    500 0.33 2.06E-09 
  200 100 0.33 1.41E-10 
    300 0.33 1.96E-10 
    500 0.33 1.96E-10 
    700 0.33 1.24E-09 
  300 100 0.33 1.56E-11 
    300 0.33 1.59E-11 
    500 0.33 1.59E-11 
    700 0.33 1.36E-11 
    900 0.33 2.38E-10 
B 100 100 0.33 3.64E-11 
    300 0.33 1.04E-10 
    500 0.33 3.13E-09 
  200 100 0.33 2.95E-07 
    300 0.33 4.38E-09 
    500 0.33 2.73E-09 
    700 0.33 8.97E-08 
  300 100 0.33 9.71E-09 
    300 0.33 9.71E-09 
    500 0.33 9.70E-09 
    700 0.33 7.99E-08 
    900 0.33 9.70E-09 
C 100 100 1.00 3.12E-08 
    300 1.00 3.34E-09 
    500 1.00 1.66E-09 
  200 100 1.00 2.73E-08 
    300 1.00 2.31E-08 
    500 1.00 4.91E-10 
    700 1.00 2.11E-05 
  300 100 1.00 1.78E-07 
    300 1.00 8.23E-09 
    500 1.00 5.11E-08 
    700 1.00 4.43E-05 
    900 1.00 3.64E-07 
A 200 100 0.25 1.56E-09 
    100 0.33 1.41E-10 
    100 0.50 1.56E-09 
    100 1.00 1.70E-09 
B 200 100 0.25 1.48E-09 
    100 0.33 2.95E-07 
    100 0.50 1.48E-09 
    100 1.00 2.24E-06 





The computational grid was evaluated for grid size sensitivity.  The results of this study 
are listed in Table 8.  The relationship between the cell count and the energy balanced 
did not behave as expected for the ligament diameter-matching model in that the energy 
loss was directly proportional to the cell count instead of an inversely proportional 
relationship.  A potential cause of this unexpected result is the difference in meshing 
schemes.  A meshing scheme based on the shortest edge of the model geometry was 
used for the generation of the fine and course meshes; whereas, an interval count was 
specified for each edge of the models used for the research investigation. 
 
Table 8: Grid Size Sensitivity Study 
 
  Ligament Porosity 
  Fine Original Coarse Fine Original Coarse 
Cell Count 426801 211501 120323 1318757 618785 265349 
Energy Balance 4.02% 2.10% 0.33% 0.33% 2.10% 2.18% 
Max. Facet Temp. [K] 315.84 300.54 315.60 312.94 309.21 309.65 
Max. Facet Velocity 
[m/s] 3.81 3.77 3.50 10.59 10.66 9.13 
Change in Max. 
Temperature 5.09% - 5.01% 1.21% - 0.14% 
Change in Max. 
Velocity 1.01% - -7.14% -0.62% - -14.29% 
 
 
Studies of Faceplate Thermal Conductivity and Coolant Bypass 
 
The ligament diameter-matching model of the coldplate was used to predict the 
maximum heat flux dissipated and coolant pressure drop for multiple coolant flow rates 
in the range of approximately 1.7x10-6 to 8.3x10-6 m3/s [100 to 500 mL/min].  Coolant 
bypass which occurred in the experimental evaluation was also studied using the 
ligament diameter-matching model.  These studies are presented with the understanding 
that their greatest value lies in A-B comparison and not in absolute solution 




Maximum heat flux dissipated is determined iteratively by increasing the dissipated 
power until the maximum faceplate temperature reaches 125°C for a given coolant flow 
rate.  This maximum faceplate temperature was chosen to align with the maximum 
operating temperature of many power electronics components.  For the coldplate under 
consideration, eighty ligament diameter-matching unit cells fit across the width of the 
copper foam element, and forty repeat in the coolant flow direction.  In relation to coolant 
flow rate, this means that model results are multiplied by eighty to calculate the coldplate 
requirement.  In relation to pressure drop in the direction of coolant flow, this means that 
model results are multiplied by forty to calculate the coldplate performance. 
 
FACEPLATE THERMAL CONDUCTIVITY STUDY 
The relationship between maximum faceplate temperature and coolant flow rate is 
shown in Figure 26 for all three faceplate materials across the range of approximately 
3.3x10-6 to 8.3x10-6 m3/s [200 to 500 mL/min] for the boundary conditions detailed in 
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Figure 26: Faceplate Thermal Conductivity Study: 
Maximum Faceplate Temperature vs. Coolant Flow Rate 
 
 
The temperature field for the coldplate with the copper faceplate and a 7.0x10-6 m3/s 
[400 mL/min] coolant flow rate is found in Figure 27 a).  The temperature field for the 
coldplate with the CuSiC MMC faceplate and the coldplate with the AlSiC MMC 
faceplate at the same coolant flow rate are depicted in Figure 27 b) and 28 respectively.  






    a)       b) 
 
Figure 27: Temperature Field (400 mL/min Flow Rate) 





Figure 28: Temperature Field  (400 mL per Minute Flow Rate) 




Figure 29 shows the maximum heat flux dissipated for each faceplate material choice as 
it varies with the coolant flow rate.  All of the configurations modeled yield promising 
performance predictions.  Given the significant performance enhancement of copper as 
a faceplate material, further tradeoff analysis may be considered between MMC as a 
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Figure 29: Faceplate Thermal Conductivity Study: 
Predicted Coldplate Thermal Performance 
 
 
COPPER FOAM ELEMENT EXPERIENCING COOLANT BYPASS 
 
Prompted by unexpectedly low pressure drop measurements during initial experimental 
coldplate testing in May 2004, new predictive models were constructed in Fluent based 
off of the ligament diameter-matching models to test the hypothesis of coolant bypass 
around the foam element inside the coldplate as shown in Figure 30.  The suspected 
 44
 
root cause of such a bypass was a gap between the foam and the coldplate body 
caused by manufacturing tolerances.  Three models were constructed for the coolant 
flow rate of 2.0x10-6 m3/s [134 mL/min], each with a different uniform gap height between 
the top surface of the foam element and the underside of the coldplate faceplate.  Given 
the reasonable thermal performance of the experimental porous foam coldplate, the 
foam element seems to be in good contact with the faceplate in at least a portion of the 
foam element.  This suggests that the gap may be located off-center of the streamwise 
symmetry axis.  Such an asymmetry would permit coolant bypass without entirely 
breaking the conduction heat path between the faceplate and the foam element. 
 
 
Figure 30: Diagram of Potential Root Cause of Low Coldplate  
  Pressure Drop Experimental Results 
 
 
Assuming a uniform gap height across the width of the foam element, the relationship 
between pressure drop across the coldplate and the gap height is depicted in Figure 31.  
Interpolating between models yields the estimate of a 0.26 mm gap when compared with 

























Estimated Gap Height = 0.26 mm
y = -0.3227
 
Figure 31: Total Coldplate Pressure Drop vs. Gap Height Between Faceplate and Foam 
(Coolant Flow Rate = 2.0x10-6 m3/s [134 mL/min]) 
 
 
Upon the completion of the experimental characterization, the porous foam coldplate 
was removed from the test stand, visually examined, and photographed.  As Figures 32 
and 33 illustrate, a region of the faceplate had buckled.  This region measured 
approximately 6 mm in the cross-streamwise direction, 11 mm in the streamwise 
direction, and 1 mm in height above the remainder of the faceplate.  The buckled region 
was off-center of the streamwise symmetry line of the coldplate, covering only a portion 











Figure 33: Coolant Bypass Blister Image 2 
 
 
The porous foam coldplate was cross-sectioned for a closer view of the bypass region.  
Figure 34 shows the bypass region as seen from the inlet of the coldplate.  The 
conclusion is that the coolant bypassed the foam between the top of the foam and the 
bottom of the faceplate where it had buckled.  This substantiates the hypothesis that 








Figure 34: Porous Foam Coldplate Cross-section Image 
 
 
4.2  Experimental Characterization 
The coldplate experimental evaluation occurred in two stages such that for the initial 
coldplate design the preliminary performance results were recorded in May 2004 and 
more accurate final performance results were recorded in January 2005 after 
improvements to the test stand were completed.  The preliminary results were 
inaccurate due to insufficient insulation of the copper tubing at the coldplate exit and of 
the thermocouple measuring this exit coolant temperature.  Because of this, the exiting 
coolant was allowed to dissipate heat to the environment prior to being measured.  This 
error caused the perceived heat input to the coolant to be smaller than it actually was. 
 
Using fiberglass paper, the exit tubing, exit coolant-measuring thermocouple and gaps 
between calcium silicate pieces were insulated and filled respectively.  The thermal 
contact resistance between the heaters and heat-focusing block was reduced by 
soldering the interface.  The final porous copper coldplate experimental results were 
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recorded in January 2005 and are shown in Figures 18, 19, and 20 and Tables 5 and 6 
alongside the modeling results for comparison. 
 
UNCERTAINTY ANALYSIS OF EXPERIMENTAL DATA 
During the course of the coldplate characterization, four critical measurements are taken 
with a known level of uncertainty due to instrumentation error.  The coolant flow rate is 
measured with an accuracy of +/- 10.12 mL/min.  The flowmeter is accurate to within +/- 
2% of full-scale which is 506 mL/min.  The differential pressure drop measurement is 
taken with an accuracy of +/- 0.016 psi, based on the ability of the data acquisition 
system to measure a voltage within +/- 0.00406 V.  The electrical power provided to the 
strip heaters is measured with an accuracy of +/- 0.002 W, based on the DC power 
supply’s following measurement accuracy:  +/- 0.145 V and +/- 0.017 A.  The 
temperature is measured using thermocouples which have been calibrated to an 
accuracy of +/- 1.016°C.  A final source of uncertainty is the heat losses from the 
characterization system to the environment via natural convection and radiation.  
Employing a simple MATLAB code, an iterative technique was used to estimate said 
losses for each of the primary surfaces of the heat-focusing block.  The analytical 
estimate of the heat losses is approximately 7.4 W for an applied heat flux of 1 kW/cm2, 






In this investigation, three periodic three-dimensional unit cells were developed to predict 
the thermal performance and pressure drop of porous foam coldplates for high heat flux 
applications such as power electronics and also to better understand the role ligament 
diameter, porosity, and foam effective thermal conductivity play in the construction of an 
accurate predictive model.  In order to evaluate the accuracy of said models, a compact 
heat exchanger characterization test stand was designed using CFD software, constructed, 
and employed to test a porous foam coldplate which contained 100 ppi copper foam with 
20% porosity.  Comparison of multiple computational models which incorporated either 
orthogonal lattices of ligaments or tortuous three-dimensional pore systems with the 
experimental test results revealed several insights.  Universal conclusions could not be 
made between the modeling and experimental results due to the coolant bypass which 
occurred within the experimental coldplates during characterization.  Collectively the 
models predicted thermal resistances in the range of 0.07 to 0.23 °C/W for the flow and 
heat flux scenarios considered.  The experimental characterization yielded similar 
thermal resistance measurements in the range of 0.09 to 0.25 °C/W despite experiencing 
coolant bypass.  Conclusions can be drawn regarding which model prediction most 
closely matched the experimental results during coolant bypass.  The modeling approach 
which most closely predicted the performance of the experimental coldplate was the 
ligament unit cell model which had a porosity equivalent to that of the physical 
microstructure of the foam under investigation.  In addition, the effective thermal 
conductivity which couples with the porosity-matched ligament model to provide the 
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most accurate prediction of the performance of the experimental coldplate is 0.33 that of 
the foam material’s thermal conductivity.  This result is similar to that of Evans who 
reported a scaling factor of 0.28 for ERG foam material.  The conclusions of this 
investigation are not universal for all porous foam coldplates but can be applied to those 





Recommended future work includes the construction and experimental evaluation of 
porous copper coldplates which do not experience coolant bypass, the evaluation of 
coldplates filled with alternative material foams such as graphite, and the determination 
of the accuracy of the unit cell open ligament modeling technique for such thermal 
management foam materials.  Size reduction of the characterization hardware would 
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